SUMMARY Serial electrophysiological studies were performed in a case of 'tourniquet paralysis' of the upper limb after the application of an Esmarch bandage above the elbow. Three months after onset of paralysis, nerve conduction was reduced to a quarter of normal between elbow and axilla along the few fibres still conducting through the lesion, but was normal distal to the block. Seven months after nerve damage, EMG showed evidence of reinnervation after Wallerian degeneration, and half the nerve fibres had recovered from the conduction block. Thirteen months after nerve injury clinical examination and nerve conduction were normal, but EMG still showed evidence of partial denervation.
The characteristic clinical dissociation between motor and sensory symptoms which may follow the application of a tourniquet is well known (Eckhoff, 1931; Moldaver, 1954) . Information about the electrophysiological aspects of the syndrome in man is limuited and mainly restricted to the motor function.
In a recent study, serial conduction tests were applied to proximal and distal motor nerve segments in a patient with paralysis of about three months' duration after the use of a pneumatic tourniquet (Rudge, 1974) . However, sensory nerve conduction was investigated only distal to the damaged segment of the nerve. This paper describes serial conduction studies in proximal and distal motor and sensory nerve segments in a case of tourniquet paralysis with prolonged conduction block. In addition, on the basis of electrcmyographic criteria, the presence of axonal degeneration is suggested. Furthermore, recovery of transected digital median nerve fibres was followed longitudinally.
Case report
A man aged 40 years sustained wounds on the volar aspect of his left hand. On admission to a local hospital he was found to have impaired flexion of the index and middle fingers due to division of the flexor tendons at the level of the finger base. No other abnormalities were encountered. The flexoi tendons were sutured, and the forearm, hand and fingers were put in plaster of paris, leaving only the distal phalanx of the thumb free. When he recovered from the general anaesthetic, he observed that the thumb was numb, and he was unable to move the distal joint. The plaster was removed six days after the operation because of oedema, and the patient was unable to move any part of the left arm below the elbow. All sensory modalities were impaired in descending order of severity: touch, pressure, vibration, and position sense more than pain. There was no paraesthesia or tingling. Three months after the onset of palsy, the forearm muscles were severely wasted and the hand was oedematous with a dystrophic appearance (Fig. 1) . All muscles distal to the elbow were paralysed except the abductor pollicis brevis (Table 1) .
On request the hospital provided the information that an Esmarch bandage had been used during the operation, but the duration of application was not given. According to the patient, the operation lasted about two hours.
Methods
The patient was examined three, seven, and 13 months after the onset of paralysis.
ELECTROMYOGRAPHY
The criteria used were (1) the pattern of activity at full effort, (2) the amplitude of its envelope curve, (3) the Prolonged concluction block with axotial degen'eratiotn number of sites at which fibrillation potentials and positive sharp waves were recorded outside the endplate zone, (4) the mean potential duration and amplitude of at least 20 randomly sampled motor unit potentials, and (5) the incidence of polyphasic potentials. Findings were evaluated by comparison with normal muscles matched for age (Buchthal, 1957; Rosenfalck and Rosenfalck, 1975) .
CONDUCTION STUDIES
Motor and sensory conduction in the median and radial nerves was determined according to methods previously described (Buchthal and Rosenfalck, 1966; Trojaborg and Sindrup, 1969) . In short, the median and radial nerves were stimulated by needle electrodes placed at the wrist, elbow, and axilla. Muscle responses were evoked in the abductor pollicis brevis, flexor digitorum sublimis, extensor digitorum communis, brachioradialis, and brachial triceps muscles by supramaximal stimulation. Sensory fibres of the median nerve were stimulated by surface electrodes .
Results

ELECTROMYOGRAPHY
The electromyographic findings are presented in Table 2 . In all muscles tested there was discrete activity of reduced amplitude (< 0.8 mV) on volitional innervation three months after the onset of palsy. There were fibrillation potentials and positive sharp waves at every insertion, and too few motor unit potentials could be voluntarily evoked to determine a mean duration and amplitude. The few present were of normal shape, duration, and amplitude.
Seven months after the onset of paralysis, muscle force had improved although in most muscles the force was graded as 3 or less (Table 1) . Similarly, on electromyography there was more activity during full effort and the pattern had attained a normal amplitude. There was no spontaneous activity. The mean potential duration and amplitude was considerably increased in the brachioradialis, extensor digitorum communis, and abductor pollicis brevis muscles as was the incidence of polyphasic potentials ( (Table 3) .
Thirteen months after the onset of palsy, there was no difference in amplitude of muscle responses Three months after nerve injury, sensory conduction velocities in the median and radial nerves were normal distal to the elbow, and the amplitude of sensory action potentials was within the normal range. However, the potentials recorded at the axilla were markedly reduced in amplitude and delayed. The conduction velocity in the segment from elbow to axilla was half of that in the segment from wrist to elbow (Fig. 3 , Table 3 ). Four months later, the conduction velocity between elbow and axilla in the radial and median nerves was slightly slower than the velocity between wrist arid elbow (8 and 14 m/s respectively). The amplitude of the sensory potentials recorded over the median and radial nerves at the axilla had increased three and six times respectively.
Thirteen months after the onset of palsy, the conduction velocity in the radial nerve was the same in the segments above and below the elbow; in the median nerve the velocity above the elbow was 10 m/s slower than the velocity below. However, the amplitude of sensory potentials was within the normal range (Fig. 4, Table 3 ).
DIGITAL NERVE FIBRES
When the patient was first seen three months after the onset of paralysis, there was anaesthesia and analgesia corresponding to the index and middle fingers. When stimulating digit III with surface electrodes, a severely desynchronised and prolonged potential of reduced amplitude (about 0.3 pV) was recorded over the median nerve at the wrist. The fastest fibres conducted at 18 m/s and the slowest component at 2 m/s (Fig. 5) . At subsequent examinations seven and 13 months after nerve injury, the velocity of the fastest conducting fibres increased to 37 and 43 m/s respectively, the slowest components conducted at 5 and 9 m/s respectively.
Discussion
In the patient presented here, as in other reported cases (Eckhoff, 1931; Bruner, 1951; Moldaver, 1954; Rudge, 1974) , the application of a tourniquet resulted in damage to the median, radial, and ulnar nerves. Rudge's (1974) and my patient showed a considerable delay in recovery in contrast to previous reported cases. Three months after nerve damage they both still had paralysis of all muscles distal to the elbow. Although there was severe muscle weak- Moldaver (1954) (Trojaborg, 1970) . When recovery is prolonged, as in the present case, the conduction block is likely to be a combination of demyelination and Wallerian degeneration (Denny-Brown and Brenner, 1944; Fowleretal., 1972; Ochoaetal., 1972) . Consequently, there are changes in motor unit parameters during recovery compatible with the occurrence of peripheral sprouting.
In the case reported by Rudge (1974) , as in my patient, there was pronounced wasting of paralysed muscles. Atrophy as such need not necessarily indicate denervation. It could also be a consequence of disuse due to a longstanding conduction block, although this is less likely in view of the findings recently reported by Harrison (1976) in a case of pressure palsy of the ulnar nerve with prolonged conduction block. In my patient, the findings of a decreased number of motor units, even at a time when recovery was completed clinically, an increased mean action potential duration and amplitude, as well as an increased number of polyphasic potentials, indicate reinnervation after axonal damage. These findings were present seven months after the tourniquet injury. In the extensor digitorum communis muscle, the changes may in part be explained by regrowth of fibres from the site proximal to the lesion. The high incidence of polyphasic potentials in this muscle (74 %) would favour such an assumption. This is a common finding in muscles recovering from denervation where there might be competition between reinnervation due to peripheral sprouting and regrowth of nerve fibres from a site proximal to the Fig. 5 Sensory potentials recorded over the median nerve at wrist by stimulating the middlefinger, three, seven, and 13 months after transection ofdigital nerve fibres at base of the middle finger. The potentials were recorded by electronic averaging of4000 (a) and 2000 stimuli (b and c). Slower components were identified as they increased proportional with the calibration signal. Thefigure above the trace denotes the maximal conduction velocity (mls) in the segment ofnerve distal to the point ofrecording; the figure below the trace gives the minimal conduction velocity (mls) from the stimulating surface electrode on digit III (S). lesion (Trojaborg, 1976a) . On the other hand, in partially denervated muscles, where reinnervation can be attributed to peripheral sprouting only, recovery is rarely accompanied by a rise in the incidence of polyphasic potentials to more than about 30 %, as occurred in the abductor pollicis brevis seven months after nerve injury (Table 2) .
When both demyelination and Wallerian degeneration are part of the conduction block, the question arises whether peripheral sprouts originate from blocked or unblocked surviving fibres. There is some clue as to this question although it can not beanswered with certainty. In my patient, most of the fibres to forearm and hand muscles were still blocked three months after the onset of nerve damage and there was W. Trojaborg no evidence ofperipheral sprouting, although electrophysiological signs of sprouting can be expected as early as three weeks after onset of partial denervation (Olsen, 1975; Trojaborg, 1976a) . Thus, the blocked fibres seemed unable to generate sprouts. Four months later, when a quarter of nerve fibres had recovered, there was electrophysiological evidence suggesting peripheral sprouting. The increase in motor unit potential duration can be attributed to an increase in size of the motor unit due to incorporation of denervated muscle fibres. As recovery progressed, the temporal dispersion of the individual components of the motor unit potential became less pronounced and the mean potential duration decreased, whereas the mean amplitude remained increased (Table 2) .
Similarly, at the onset of recovery, there was an increased amount of polyphasic potentials as a consequence of an increase in temporal dispersion compatible with slow impulse transmission along nerve sprouts and a greater dispersion of the endplate zone. With advancing maturation of nerve fibres, the temporal dispersion of the individual components of the motor unit potential diminishes, and the amount of polyphasic potentials decreases.
Thus, the changes in the motor unit parameters in my patient during recovery are compatible with axonal damage, in addition to the conduction block caused by the tourniquet. The presence of axonal damage was not obvious from the conduction studies. The amplitudes of evoked potentials, whether motor or sensory, are insensitive indicators of axonal loss due to the great variation in normal subjects. The amplitude of motor unit potentials recorded by concentric needle electrodes, whether evoked voluntarily or by nerve stimulation, deviates about 40% from the mean (Buchthal and Rosenfalck, 1963; Trojaborg, 1964) , and evoked sensory action potentials showed a similar variation between individuals (Buchthal and Rosenfalck, 1966) as well as within the same individual (Trojaborg, 1970) . Therefore only large differences in average voltage can be considered significant. When the conduction velocity in motor and sensory fibres is normal, the average amplitude must deviate by more than 40% from normal to be statistically significant. Thus, a substantial number of axons may be lost and amplitude of evoked responses still be within the normal range.
It is interesting that when the patient was first seen three months after nerve injury, sensory deficit was negligible compared to the severe motor involvement (except for the anaesthesia and analgesia corresponding to the index and middle fingers due to local damage of digital nerve fibres). The relative sparing of sensation which is a common feature of acute nerve compression in man is most probably explained by the fact that the nodes on the small myelinated fibres are i._ group.bmj.com on June 21, 2017 -Published by http://jnnp.bmj.com/ Downloaded from normal whereas the nodes on the large myelinated fibres are affected (Gilliatt, 1975) .
It is likely that the digital nerve fibres ofmy patient's index and middle fingers were transected at the same time as the flexor tendons of these two fingers. The velocity along the fastest conducting fibres from digit III to wrist (18 m/s) three months after nerve injury is compatible with conduction along tegenerating nerve fibres as is the rate of conduction of the slowest components (2 m/s, Buchthal et al., 1975; Trojaborg, 1976b) . The rate of recovery is also consistent with the time interval, considering the 8-9 cm length of the fingers from the site of transection. The amplitude of the sensory response was a quarter of a microvolt, indicating regrowth of only a few fibres from proximal to the site of injury. The amplitude of the response did not increase over the following four months, although the velocity of the fastest conducting fibres increased from 18 to 37 m/s. One year after the transection of digital nerve fibres, the conduction velocity was 80 % of normal and the amplitude ofthe sensory potential was only halfa microvolt. The increase in amplitude can be accounted for by the decrease in temporal dispersion. From the relation of conduction velocity, amplitude of sensory potentials, and number offibres in the sural nerve, Buchthal et al. (1975) suggested that a sensory potential of 0.1 sV conducted at a normal rate originates from five to 10 fibres of 10 ,sm or more in diameter. Thus, in the patient presented here, it is likely that no more than about 50 digital median nerve fibres had recovered one year after the transection-that is, about onetenth of the total number of digital median nerve fibres (Buchthal and Rosenfalck, 1966) . 
